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Displacement of propagating quantum states of light is a fundamental operation for quantum
communication. It enables fundamental studies on macroscopic quantum coherence and plays an
important role in quantum teleportation protocols with continuous variables. In our experiments
we have successfully implemented this operation for propagating squeezed microwave states. We
demonstrate that, even for strong displacement amplitudes, there is no degradation of the squeez-
ing level in the reconstructed quantum states. Furthermore, we confirm that path entanglement
generated by using displaced squeezed states stays constant over a wide range of the displacement
power.
PACS numbers: 03.67.Bg, 03.65.Ud, 42.50.Dv, 85.25.-j
Propagating quantum microwave signals in the form of
squeezed states are promising candidates for information
processing and communication tasks in superconducting
quantum networks. With respect to frequency range and
material technology for transmission lines, quantum mi-
crowaves can directly interact with information process-
ing platforms based on superconducting quantum circuits
(SQC). Thus, additional circuitry for frequency intercon-
version and a possible technology mismatch are avoided
[1–6]. Long coherence times demonstrated for microwave
photons in superconducting resonators [7, 8] translate
into distances in the range of kilometers for propagat-
ing waves in superconducting environments. Therefore,
SQC in combination with propagating microwaves could
provide the basis for the implementation of a short- to
medium-range quantum communication and information
processing. One of the cornerstones of quantum com-
munication is the paradigm of quantum teleportation
which allows one to faithfully transmit an unknown quan-
tum state between two spatially-separated parties using
a quantum entangled pair and a classical communication
channel. Various experiments in the past have demon-
strated the feasibility of this idea in different quantum
technologies such as quantum optics [9, 10], supercon-
ducting quantum circuits [11], and atomic systems [12],
among others.
Fundamental operations needed to implement the
quantum teleportation protocol with continuous vari-
ables [13] include the generation of two-mode squeezing,
quadrature measurements, and a conditional displace-
ment. While there are experimental advances for the first
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FIG. 1. Circuit schematic for the displacement of propagating
squeezed microwave states. The displacement amplitude and
phase are controlled by a coherent microwave tone. The 50:50
microwave beam splitter is realized as a 180 ◦ cryogenic hybrid
ring. It superimposes the squeezed state and a vacuum state
from a cold 50Ω load, thus, generating path-entangled out-
put states (blue-red arrows). State detection is realized with
the dual-path detector [2–4] based on the cross-correlation
heterodyne scheme, where LO is a local oscillator and ADC
denotes an analog-to-digital converter.
two operations [3, 5, 14], a controllable displacement has
not yet been demonstrated in the microwave regime. It
is important to note that displacement belongs to the
universal set of quantum gates required for quantum in-
formation processing with continuous variables [15, 16].
Moreover, from a more fundamental point of view, dis-
placement can allow one to study very general limits of
quantum entanglement and coherence [17]. Therefore,
it is important to investigate capabilities and possible
limitations of the displacement operation applied to non-
classical propagating microwave states.
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FIG. 2. (a) Spectroscopy of the JPA measured using a vector
network analyzer. Phase of the reflected signal Γ is plotted as
a function of the coil current Icoil generating a magnetic flux in
the dc-SQUID loop. The dashed black line marks the working
point fJPA = 5.573GHz corresponding to Icoil = +30µA.
(b) Measurements of the non-degenerate gain G (squares)
and the squeezing level S (circles) versus the pump power
Ppump incident at the input of the sample holder. The pump
frequency is fpump = 2fJPA. The dashed black line marks
the working point for the pump (Ppump= −25 dBm) used for
further displacement measurements.
In this Letter, we experimentally confirm the feasibility
of the displacement operation on propagating squeezed
microwaves. Specifically, we demonstrate that both a sin-
gle mode squeezing and a frequency-degenerate continu-
ous variable path entanglement remain unchanged over
the range of 30 decibel in the displacement power. These
results are a very encouraging and a crucial step on the
way towards quantum microwave teleportation with con-
tinuous variables [13].
Figure 1 shows a circuit schematic of our experimental
setup. We use a flux-driven Josephson parametric am-
plifier (JPA) for the generation of squeezed microwave
states [18, 19]. The JPA consists of a quarter-wavelength
coplanar waveguide resonator shunted to ground with a
dc-SQUID. The dc-SQUID is inductively coupled to an
on-chip antenna used for the application of a pump sig-
nal. The strong pump tone allows one to modulate the
Josephson inductance of the dc-SQUID at twice the JPA
frequency fpump = 2fJPA, thus, fulfilling the condition
for parametric amplification [19]. Additional details, in-
cluding the sample layout, are provided in Ref. 20. The
JPA is placed in a magnetically shielded sample-holder
(we use a combination of cryoperm and superconducting
shields) inside a custom-made dry dilution refrigerator.
During all experiments the JPA temperature is stabilized
at 50mK. An input circulator allows us to separate in-
coming and outgoing signals, as required for the JPA op-
eration. We calibrate our setup via a temperature sweep
of a cold 30 dB microwave attenuator, which produces
a thermal state with a well-known photon distribution
and, therefore, allows us to determine a total gain of the
cross-correlation detector in situ [3, 19, 21].
The task of the JPA is to perform squeezing
of the incident vacuum state, i.e., Sˆ(ξ)|0〉, where
Sˆ(ξ)= exp(1
2
ξ∗aˆ2− 1
2
ξ(aˆ†)2), and ξ = reiφ is a complex
squeezing amplitude. Here, the phase φ determines the
squeezed quadrature, while the squeezing factor r param-
eterises the amount of squeezing. An experimental real-
ization of the squeezing operator requires a large non-
linearity. Figure 2 illustrates such a nonlinear flux de-
pendence (measured as the phase response of a reflected
input signal from the sample) of the JPA resonance fre-
quency. It also provides information about the nonde-
generate gain as a function of the pump power Ppump
at a chosen working point Icoil = +30µA. For all sub-
sequent measurements, we use a fixed pump power of
Ppump = −25 dBm, which corresponds to a nondegener-
ate gain of G ≃ 9.9 dB at the JPA operation frequency
fJPA = 5.573GHz. Higher pump powers allow us to reach
even higher gains and, accordingly, higher squeezing lev-
els, but lead to unsustainable heating of the dilution re-
frigerator.
In order to implement the displacement operation
Dˆ(α) = exp(αaˆ† − α∗aˆ) on propagating squeezed states,
we use a cryogenic directional coupler designed accord-
ing to Ref. 22. The complex displacement parameter α
is controlled via the amplitude and the phase of a strong
coherent signal incident at the coupling port of the di-
rectional coupler (see Fig. 1). The propagating squeezed
state from the JPA is applied to the input port P1 of the
coupler. The coupling between the transmitted port P3
and the displacement port P2 is −19.5 dB in the vicinity
of fJPA. The insertion loss of the coupler is κ ≃ −0.18 dB
(between ports P1 and P3). Here, the directional coupler
is analogous to a 99% reflective beam splitter, in which
the displacement signal is weakly coupled to the incident
light.
In order to reconstruct propagating displaced squeezed
states, we apply the dual-path reconstruction scheme
[2, 3], where we first equally distribute the incoming sig-
nal along two paths with a hybrid ring. Both outputs are
independently amplified with a chain of cryogenic and
room temperature rf-amplifiers, downconverted in a two-
stage process, and finally used for cross-correlation mea-
surements. In the analog stage, a local oscillator (LO,
see Fig. 1) defines a phase reference for detected signals.
An important modification (in comparison with Refs. 2
and 3) of our setup consists in using image reject mix-
ers, which allow us to filter one of the signal sidebands
already in the analog part, reducing the number of digi-
tizer channels from 4 to 2. The path-entangled signals are
mixed with the LO and produce intermediate frequency
(IF) signals at fIF = fLO−fJPA = 11 MHz. Then, the IF
signals are digitized by the ADC card and processed by a
measurement programwhich extracts orthogonal quadra-
tures I1,2 and Q1,2 by performing down-conversion and
digital filtering. Extended experimental schematics may
be found in Ref. 20. The quadrature components are used
to calculate correlation moments 〈In1 I
m
2 Q
k
1Q
l
2〉 up to the
fourth order, i.e., n+m+ k + l ≤ 4 for n,m, k, l∈N. In
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FIG. 3. Reconstructed squeezed states at the input of the hybrid ring. The quantities p and q are dimensionless variables
spanning the phase space. The squeezing angle is stabilized at γ = 45 ◦. The color code represents the Wigner function of
(a) a squeezed vacuum state, (b) a displaced squeezed vacuum state with a displacement angle of θ = 135 ◦, (c) a displaced
squeezed vacuum state with a displacement angle of θ = 45 ◦. Each measurement is averaged over 1.5× 109 samples. The total
photon numbers and squeezing levels are indicated in each panel. The insets show 1/e contours for the ideal vacuum (red), and
experimental squeezed states (blue).
this way, we can retrieve all the moments of the anni-
hilation and creation operators, aˆ and aˆ†, of the signal
and the noise modes by using the beam splitter relations
and the independence of the noise contributions from the
two detection paths. Finally, based on the operator mo-
ments 〈(aˆ†)naˆm〉, we calculate the covariance matrix ~σ
of the signal mode, and reconstruct the Wigner function
of the propagating signal incident at the input of the hy-
brid ring. We verify that the reconstructed states comply
with the Heisenberg principle for the 2-nd and the 4-th
order moments 〈(aˆ†)naˆm〉 [23], and with a Gaussianity
criterion based on cumulants [3, 24, 25].
We characterize the squeezing level of the
reconstructed quantum state in decibels as
S=−10 log10[(∆Xsq)
2/0.25], where (∆Xsq)
2 is the
variance of the squeezed quadrature and the chosen vac-
uum reference is (∆Xvac)
2 ≡ 0.25. A state is squeezed
below the vacuum level when (∆Xsq)
2 < 0.25. We
define the displacement angle θ as the angle between the
displacement direction and the p-axis, and the squeezing
angle γ = φ/2 as the angle between the antisqueezed
quadrature and the p-axis. The angles are controlled
experimentally by the phases of the coherent signals of
the pump and the displacement tones with respect to
the LO (cf. Fig. 1). Figure 3 illustrates experimentally
reconstructed Wigner functions of a squeezed vacuum
and displaced squeezed vacua. The results show that
the directional coupler allows us to displace the prop-
agating squeezed state with a high degree of control
over the magnitude and the phase of the displacement
parameter α. Even for a large displacement powers up
to hundreds of photons, the resulting squeezing level
remains approximately the same as for the undisplaced
state. Notice that the photon number is related to
a measurement bandwidth of 400 kHz, defined by a
digital low-pass filter in the data processing. Systematic
measurements of both the squeezing level and the total
photon number versus the displacement power Pdisp are
shown in Fig. 4 (a). There, we show that the resulting
squeezing level for Pdisp ≤ −125 dBm is the same as for
the undisplaced state, S ≃ 6.4 dB, within error bars.
For larger displacement powers, Pdisp> −125 dBm (data
not shown), we observe an increasing degradation of
squeezing. Based on numerical simulations, we attribute
this observation to a limited calibration precision of the
cross-correlation gain which distorts the reconstruction
of states with a very high photon number. It is impor-
tant to note here, that the demonstrated range of the
controlled displacement of propagating squeezed states
is already sufficient for many quantum communication
protocols with continuous-variable microwaves including
quantum teleportation [13, 15].
As it was confirmed in previous experiments [3], the
squeezing at the hybrid ring input is equivalent to a path
entanglement of the output beams. Therefore, from a
fundamental point of view, one must check whether the
amount of bipartite path entanglement between the out-
puts of the entangling hybrid ring depends on the dis-
placement power. To this end, we measure the nega-
tivity N . For Gaussian states [3, 26], it is defined as
N ≡ max {0, (1− ν)/(2ν)}, where ν≡ ((∆(~σ)− (∆2(~σ)−
4 det~σ)0.5)/2)0.5 and ∆(~σ) = det ~α+det ~β−2 det~γ. The
condition N > 0 witnesses the presence of entanglement
for a general quantum state. The covariance matrix ~σ of
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FIG. 4. (a) Squeezing level S (squares) and photon number
(circles) of displaced squeezed state as a function of displace-
ment power incident at the coupled port of the directional
coupler. (b) Measured negativity as a function of displace-
ment power for two orthogonal displacement angles (also used
in Fig. 3) θ = 135 ◦, and θ = 45 ◦. One data point (symbols)
is averaged over 7.5 × 1010 samples. Lines are guides to the
eye. The error bars are of statistical nature.
the displaced squeezed state Dˆ(α)Sˆ(ξ)|0〉 incident to the
hybrid ring is given by
~σ =
(
~α ~γ
~γT ~β
)
, ~α =
1
2
(
A− + 1 B
B A+ + 1
)
, (1)
~β = ~α, ~γ =
1
2
(
A− − 1 B
B A+ − 1
)
, (2)
where A± ≡ e
±2r cos2(φ/2) + e±2r sin2(φ/2), and B ≡
− sinh(2r) sin(φ). We immediately see that the covari-
ance matrix does not explicitly depend on the displace-
ment parameter α. Hence, the amount of path entan-
glement should not change regardless of the magnitude
or the phase of the displacement. Nevertheless, in usual
decoherence environments, one would expect a transition
between an entangled quantum behaviour and a classical
separable description for large displacements.
Figures 4(b) depicts the negativity N versus the dis-
placement power Pdisp for two different displacement an-
gles θ. Here, we determine the negativity with two meth-
ods: the dual-path method (DPM) and the reference
state method (RSM) [2–4]. The DPM estimates the neg-
ativity based on the beam splitter model and is mathe-
matically equivalent to the Wigner function reconstruc-
tion of the state incident at the input of the hybrid ring.
In contrast, the RSM is an independent experiment and
reconstructs the moments of the output state using a cal-
ibration against a known reference signal which, in our
case, is the two-mode vacuum. Thus, the RSM provides
a direct evidence of the entanglement between two spa-
tially separated modes. In Fig. 4(b), we show the results
for both methods, proving that they coincide in our ex-
periments. The good agreement between both methods
confirms the high degree of control and understanding we
have on our experiment. Both methods confirm the in-
dependence of the path entanglement from the displace-
ment amplitude.
In conclusion, we have experimentally studied the dis-
placement of propagating squeezed microwave states. We
have shown that even states displaced by hundreds of
photons do not lose their original squeezing level. The
implemented displacement mechanism is an important
step towards quantum communication and information
processing experiments with continuous-variable quan-
tum microwaves [13, 15]. Furthermore, we have applied
this operation to general studies of the path entangle-
ment generated from displaced squeezed microwaves via
a beam splitter. We have demonstrated that the path en-
tanglement is preserved over a wide range of displacement
power. Finally, we interpret our results as an experimen-
tal spotlight on a more general issue in quantum mechan-
ics: the quantum properties of large photonic states with
hundreds of photons can be associated with a relatively
small subset of these photons. In our specific case, the
squeezed photons translate into entanglement after the
beam splitter while the displacement photons do not.
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